ABSTRACT
INTRODUCTION
The peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α) coactivates the transcription factors that regulate expression of genes encoding mitochondrial proteins (37, 50, 66) .
PGC-1α is responsible for mediating the coordinated expression of mitochondrial proteins, and plays a key role in regulating biogenesis of mitochondria (37, 50) . Increasing the PGC-1 content of muscle cells by transgenic overexpression (39, 66) or by means of endurance exercise training (2, 34, 61) induces an increase in mitochondrial biogenesis.
It seems well established from studies on myotubes in culture that raising cytosolic Ca 2+ induces an increase in mitochondrial biogenesis (20, 47, 48) . This phenomenon in muscle cells in culture (47) closely mimics the adaptive response of muscle to endurance exercise (2) . It has been hypothesized that increases in intracellular Ca 2+ , resulting from motor nerve activity, mediate this adaptive response by activation of the calcium/calmodulin dependent protein phosphatase calcineurin. One line of evidence supporting this hypothesis came from experiments in which the adaptive response of mouse skeletal muscle to wheel running or electrical stimulation of the nerve was blocked by the calcineurin inhibitor cyclosporin or the endogenous calcineurin inhibitor MCIPI (65) .
Calcineurin has been shown to increase PGC-1α gene transcription (26), and overexpression of constitutively active calcineurin in skeletal muscle of transgenic mice results in increased expression of PGC-1 (55) . Furthermore, expression of constitutively active calcineurin in cardiac myocytes has been shown to result in increased expression of PGC-1α and in the induction of a wide range of genes involved in mitochondrial energy metabolism (56) . Other, less direct evidence, has also been interpreted as evidence that activation of calcineurin is responsible for, or plays a major role, in mediating the increase in mitochondrial biogenesis induced in skeletal muscle by endurance exercise and increases in cystosolic Ca 2+ (23, 26, 39, 45) . A finding that appears to be in conflict with this possibility is that the specific inhibitor of calcium-calmodulin-dependent protein kinase KN93 completely blocks the increase in mitochondrial biogenesis induced by raising the Ca 2+ level in L6 myotubes (47) . In this context, the purpose of the present study was to determine whether or not activation of calcineurin plays a role in the stimulation of mitochondrial biogenesis in skeletal muscle by exercise. sedentary plus CsA group. Rats in the exercise groups were accustomed to swimming for 10 min/day for 2 days. They were then exercised on 5 successive days using a swimming protocol, described previously (51) that involves two 3-h-long swimming sessions separated by a 45-min-long rest period during which the rats are kept warm and given food and water. After completion of the swimming on the 5th day, the animals were fasted overnight. Two days before starting the exercise, animals were injected once daily subcutaneously between the shoulder blades with either CsA (20 mg/kg body mass) or an equal volume of vehicle (Cremophor EL-650 mg/mL and 32.9% ethanol) (67) . The animals that were not given cyclosporin had their food intake decreased so that they gained weight at the same rate as the animals given cyclosporin. During the period of exercisetraining the CsA injections were given 2hr prior to the exercise. Fasted rats were sacrificed 18h after the last exercise bout and 3hr after the last injection of CsA or vehicle. The animals were anesthetized with an intraperitoneal injection of pentobarbital sodium (5 mg/100 g body mass), the epitrochlearis and triceps muscles were dissected out, and a blood sample was drawn from the aorta.
MATERIALS AND METHODS

Materials
These forelimb muscles were chosen because they are extensively used during, and undergo a major adaptive response to, swimming (2, 21) . 
Statistical analysis.
Values are expressed as means ± SE. Statistically significant differences were determined using unpaired Student's t tests.
RESULTS
Inhibition of calcineurin.
The cyclosporin treatment resulted in a plasma cyclosporin concentration >4.5 µg/ml measured 2-3 hr after the final cyclosporin injection. As previously reported (22), calcineurin activity in triceps muscles averaged 0.95 ± 0.11 nmol phosphate released · mg protein -1 · min -1 in the control, vehicle treated group and was undetectable in the cyclosporin treated group.
This finding demonstrates that the cyclosporin dose used was adequate for prevention of any calcineurin mediated effects.
Responses of PGC-1α and transcription factors involved in mitochondrial biogenesis.
Protein levels. The five daily bouts of swimming induced a ~2-fold increase in PGC-1 protein content in triceps muscles (Fig. 1 ). This adaptive response was not affected by the inhibition of calcineurin by cyclosporin. Estrogen related receptor α (ERRα) protein was also significantly increased in both groups by ~50% (Fig. 1) . Peroxisome proliferator α (PPARα) protein content of muscle was not increased by exercise and was unaffected by cyclosporin treatment. PPARδ protein level increased by ~25%; although this increase was not statistically significant, we think, in light of the increase in PPARδ mRNA level (see below), that it is probably real. Fig. 2 , PGC-1α, PPARδ, nuclear respiratory factor-2 (NRF-2) and mitochondrial transcription factor A (TFAM) mRNA levels were all significantly increased in triceps muscles 18h
after the fifth exercise bout. These adaptive responses were unaffected by inhibition of calcineurin by cyclosporin. Like PPARα protein, PPARα mRNA was not increased in response to the exercise.
Responses of mitochondrial enzyme proteins to daily bouts of swimming.
As shown in COX-I and COX-IV proteins did not increase in response to the exercise program in skeletal muscle of the cyclosporin treated rats (Fig. 4) . The COX-IV gene is nuclear encoded while the COX-I gene is encoded in mitochondrial DNA. The transcription factor NRF2 regulates expression of COX-IV, while expression of mitochondrial encoded genes is regulated by TFAM, the expression of which is also regulated by NRF-2 in rats (37). Therefore, because NRF-2 and TFAM induction by exercise was not prevented by cyclosporin, and in light of the increases in other mitochondrial proteins in the cyclosporin treated group, we were puzzled by the inhibition of the exercise-induced increase in COX-I and COX-IV.
To determine whether the inhibitory effect of cyclosporin on the exercise-induced increase in COX-I and COX-IV occurs at the pre-translational or post-translational level, we measured COX-I and COX-IV mRNA levels. As shown in Fig. 5 , COX-I and COX-IV mRNA levels were significantly increased in muscle 18h after exercise. The magnitude of this increase was similar to that of ATP-synth mRNA, which was measured for comparison.
COX-I and COX-IV expression in muscles of cyclosporin-treated sedentary rats.
The finding that the exercise-induced increase in the transcription of COX-I and COX-IV was not blocked by inhibition of calcineurin provides evidence that prevention of the increases in COX-I and COX-IV proteins is mediated at the translational level by a toxic effect of cyclosporin unrelated to calcineurin inhibition. If this interpretation is correct, one would expect that cyclosporin treatment should also result in decreases in COX-I and COX-IV proteins in muscles of sedentary animals. As shown in Fig. 6 , COX-I and COX-IV protein levels were significantly reduced in muscle of sedentary rats in response to the cyclosporin. The cyclosporin treatment had no effect on ATP-synth and ALAS protein levels, which were used for comparison, in muscles of sedentary rats.
DISCUSSION
Endurance exercise training induces an adaptive increase in skeletal muscle mitochondria (8, 15, 29, 31 Maintenance of the slow-twitch, type I skeletal muscle fiber type, and conversion of fasttwitch, type II fibers to type I fibers is dependent on calcineurin activity (12, 44, 46) . Muscle fiber type is determined by type of motor nerve, and fiber type can be altered by cross-innervation, i.e.
switching, the motor nerves of fast and slow muscles (53) . Fast-twitch fibers can also be, at least Type IIa fibers (19, 24, 65) . This phenomenon is much more marked in humans than in rats, with almost complete disappearance of type IIb or IIx fibers in highly trained endurance athletes (1) and a gradual reversal back to type IIb or IIx fibers when training is stopped (14) . It is possible that the extreme training programs of professional cyclists, triathletes etc, involving many hours of intense exercise daily for years may cause an increase in slow muscle fibers (13, 57) , but this remains to be documented. Another potential source of confusion is the equating of "oxidative muscle fibers" with type I, slow twitch fibers. Actually, in rats, the species in which much of the research on the adaptive responses of muscle to exercise was done, the type IIa fibers have a considerably higher content of mitochondria and capacity for substrate oxidation than type I fibers (4, 5 , and an increase in calcineurin activity results in an increase in mitochondrial biogenesis in cultured muscle cells. In this context, the present results raise the question: why does calcineurin activation not play a significant role in the exercise-induced increase in muscle mitochondria? Calcineurin activation is mediated specifically by sustained, low amplitude increases in cytosolic Ca 2+ (16) . One possible explanation, therefore, is that the firing frequency of slow motor units, of ~10 to 20 Hz, results in sustained elevations of sarcoplasmic Ca 2+ into the 100 to 300 nM range needed to activate calcineurin (11, 27) . On the other hand, the high amplitude Ca Values are means ± SEM for 6 to 9 muscles per group. *P<0.05 vs. Sed V. 
